Background: Diminished postural stability is a risk factor for ankle sprain occurrence and ankle sprains result in impaired postural stability. To date, ankle sprain history has not been taken into account as a determinant of postural stability, while it could possibly specify subgroups of interest. Methods: Postural stability was compared between 18 field hockey athletes who had recovered from an ankle sprain (mean (SD); 3.6 (1.5) months post-injury), and 16 uninjured controls. Force plate and kinematics parameters were calculated during single-leg standing: mean center of pressure speed, mean absolute horizontal ground reaction force, mean absolute ankle angular velocity, and mean absolute hip angular velocity. Additionally, cluster analysis was applied to the 'injured' participants, and the cluster with diminished postural stability was compared to the other participants with respect to ankle sprain history. Findings: MANCOVA showed no significant difference between groups in postural stability (P = 0.68). A selfreported history of an (partial) ankle ligament rupture was typically present in the cluster with diminished postural stability. Subsequently, a 'preceding rupture' was added as a factor in the MANCOVA, which showed a significant association between diminished postural stability and a 'preceding rupture' (P = 0.01), for all four individual parameters (P: 0.001-0.029; Cohen's d: 0.96-2.23). Interpretation: Diminished postural stability is not apparent in all previously injured athletes. However, our analysis suggests that an (mild) ankle sprain with a preceding severe ankle sprain is associated with impaired balance ability. Therefore, sensorimotor training may be emphasized in this particular group and caution is warranted in return to play decisions.
Introduction
Ankle sprains are the most common injuries in sports, and can lead to a decreased ability to participate in sports and to a decreased quality of life (Janssen et al., 2011) . In addition, an ankle sprain can become chronic with symptoms of pain, recurring sprains and a subjective feeling of instability, also referred to as chronic ankle instability (CAI), which may eventually cause ankle osteoarthritis (Anandacoomarasamy and Barnsley, 2005; Harrington, 1979) . Despite a substantial body of research, the etiology of ankle sprains and chronic ankle instability is not yet elucidated. However, evidence suggests the existence of a relation between postural stability (throughout this paper this refers to static single-leg stance on a force plate) and ankle sprain risk. Recently, a meta-analysis showed that decreased postural stability is prospectively related to first-time ankle sprain incidence (Witchalls et al., 2012) . Additionally, an earlier meta-analysis provided evidence that diminished postural stability is also prospectively related to overall ankle sprain incidence (first-time and recurrent sprains pooled) (de Noronha et al., 2006) . It should be noted that postural stability is considered to be a reflection of total body sensorimotor function (Witchalls et al., 2012) . As various sensory modalities are used to apply feedback corrections around multiple joints (Hof, 2007; Tropp and Odenrick, 1988) , it is difficult to pinpoint specific factors leading to both diminished postural stability and increased risk of ankle sprains.
It is also clear that an ankle sprain could lead to diminished postural stability. During the acute phase (b6 weeks) of an ankle sprain, the postural stability in the injured leg is impaired compared to the non-injured leg (Holme et al., 1999; Leanderson et al., 1996) . This may be due to a combination of pathology of ankle structures (ligaments, joint capsule, cartilage, tendons and nerves), inactivity of the affected leg, and/or an arthrogenic muscle response due to pain, damage and edema (Palmieri et al., 2004; Tourné et al., 2010; Yammine and Fathi, 2011) . Furthermore, a diminished postural stability has been found in individuals with CAI (Arnold et al., 2009; Wikstrom et al., 2010a) , and also in ballet dancers recovered from an ankle sprain in the past year (Lin et al., 2011) . The latter finding still needs confirmation for athletes other than dancers, but it could explain the marked increase in incidence during the first 6 months post-injury (Verhagen et al., 2004) , as well as the decrease in recurrence risk when sensorimotor training is applied to 'recovered' individuals (Verhagen and Bay, 2010) . Previously, De Vries et al. (2010b) have shown that postural stability lacks sensitivity for clinical management of ankle sprains when variables such as age, sport type, sport level, length and weight are not controlled for. Therefore, a study in a more strictly defined population of previously injured athletes and matched controls is needed.
Additionally, details of the ankle sprain history may be of importance with regard to the recurrence risk and postural stability. To date, ankle sprain history has not been taken into account in studies on postural stability after ankle sprain injury. As such, a more comprehensive evaluation could indicate specific factors of importance or could specify subgroups in terms of recurrence risk and treatment required.
Therefore, the aim of the present study was (1) to compare postural stability between field hockey athletes with a previous ankle sprainwithin 6 months, fully recovered and returned to their pre-injury level of sports participation -and uninjured controls. Furthermore, (2) we aimed to identify characteristics of ankle sprain history present in a subgroup of 'recovered' athletes with strongly affected postural stability.
Methods

Participant recruitment
Inclusion
The age cut-off for entry was 16 to 35 years. As sport type and competition level are confounders of single-leg stance postural stability (Guillou et al., 2007; Kiers et al., 2013; Paillard et al., 2006) , all participants were included from one sport type (i.e. field hockey) and had to perform at either inter-district or national level of the official competition. We contacted 26 field hockey teams for recruiting purposes. All coaches of these teams, in consultation with their physical therapist, provided contact information of those players who had endured an ankle sprain in the first 6 months of the season. Subsequently, the researchers contacted these players.
Players who had sustained a self-reported lateral ankle sprain in the past 1 to 6 months, which resulted in at least 2 days off work or 2 missed sport sessions, were eligible for inclusion in the 'previously injured' group. Any form of therapy had to be finished, and a full return to pre-injury sport level participation had to be achieved at the time of inclusion. Players who did not suffer from an ankle sprain in the past five years were eligible for inclusion in the 'uninjured' group. Written informed consent was obtained once the purpose, nature and potential risks had been explained to the volunteers. The study was performed according to the Declaration of Helsinki and approved by the Human Ethics Committee of the Faculty of Human Movement Sciences of the VU University Amsterdam.
Exclusion
The volunteers were screened for the following exclusion criteria: (a history of) musculoskeletal injuries (other than ankle sprain), any other disease that may affect balance performance, head injury in the previous 6 months, and any use of medication that would affect balance.
Power
A minimal effect size of 1 standard deviation was considered to be clinically relevant. Consequently, a minimum of 16 participants in each group was considered sufficient.
Participants
Eighteen participants were included in the 'previously injured' (ankle sprain) group, as illustrated by the inclusion-exclusion flow chart (Fig. 1) . The timing of measurement was mean 3.6 (SD 1.5) months post-injury. Sixteen participants were included in the 'uninjured' group. Table 1 outlines the demographic and ankle sprain characteristics. With regard to ankle sprain severity, if a participant went to see a (allied) medical practitioner, the diagnosis made was adopted. If no medical care was sought, a mild sprain (grade I) was assumed, after verification that these participants had been able to walk within 7 days post-injury, and had not noticed any signs of hematoma discoloration (van Dijk, 2002) .
Experimental task
Participants were asked to perform three valid single-leg stance trials of 20 s with the eyes open for each leg. Participants had to stand as still as possible and keep their hands on their hips. A trial was considered invalid if a participant displaced his/her standing leg, touched the floor with the contra-lateral leg or if a hand was used to regain balance. All trials were performed with bare feet. All participants were given two practice opportunities with each leg before actual testing commenced. The initial testing leg was randomly assigned, and counterbalanced between the groups.
Instrumentation
Ground reaction forces (GRF) were sampled at 1000 Hz by a 60 by 40 cm force plate (type 9218B, Kistler Instrument Corp, Winterthur, Switzerland), which was mounted flush with the laboratory floor. A line on the force plate was used to align the foot during the balance tasks. Motion capture data of the lower extremity were collected with the OPTOTRAK® optoelectronic camera system (Northern Digital Inc., Waterloo, Canada), which consisted of two cameras containing three sensors each. The Optotrak system measures the three-dimensional position of light-emitting diodes (LEDs) in a global reference frame. Ten LED markers were attached to the participants' skin on positions with minimal soft tissue deformations during movement (Fig. 2) . Additionally, a custom-made aluminum object with three LED markers was positioned over the sacrum. While participants stood upright, facing the positive X-axis of the system, the anatomical coordinate system for each body segment was established by means of digitized bony landmarks (Cappozzo et al., 1995) .
Outcome measures
We assessed postural stability using the following parameters: (1) the 'center of pressure (CoP) speed'; total CoP path length divided by trial time, (2) 'horizontal GRF'; mean length of the GRF vector in the horizontal plane, (3) 'ankle angular velocity'; mean length of the ankle angular velocity vector, and (4) 'hip angular velocity'; mean length of the hip angular velocity vector. The 'CoP speed' has been shown to be reliable (Doyle et al., 2007) , and discriminative concerning single-leg stance balance (Jakobsen et al., 2011; Kiers et al., 2013; Paillard et al., 2006; Ross et al., 2009; Wikstrom et al., 2010a) . The 'horizontal GRF' is related to the amount of sway of the center of mass and to the corrective shear forces due to counter rotation acceleration of the trunk (Hof, 2007; Pintsaar et al., 1996) . This parameter has been shown to be discriminative as well (Pintsaar et al., 1996; Ross et al., 2009) . Angular velocities of the ankle and the hip were added since most motor corrections in single leg stance are made by ankle and hip/trunk movements (Hof, 2007; Lin et al., 2011; Tropp and Odenrick, 1988) . The ankle sprain characteristics used for subgroup analyses were retrieved through a questionnaire that was completed on the test day, after the experimental testing procedures were finished.
Data analysis
A custom MATLAB (The Mathworks, Natick, RI, USA) program was written for data reduction. Force plate data and OPTOTRAK data were filtered with a second order Butterworth low-pass filter with estimated optimal cut-off frequencies of 43 Hz and 16 Hz, respectively (Bisseling and Hof, 2006; Yu et al., 1999) . CoP calculations were based on vertical and horizontal forces in accordance with the manufacturer's manual. Joint angular velocity vectors were calculated from the instantaneous orientation matrices of the distal relative to the proximal segments according to Berme et al. (1990) . Subsequently, the mean angular velocity of a joint was calculated as the average length of these vectors for that joint.
The inter-trial reliability (3 trials) of postural stability measures was determined with the intra-class correlation (ICC 2.3 ) analysis for both legs. All four outcome measures showed desirable reliability (N0.80) (Doyle et al., 2007) , with all ICC 2.3 values above 0.920. Subsequently, the calculated outcome measures were averaged over three trials per leg. A preliminary analysis showed no statistical difference between the left and right legs of the uninjured group (P N 0.05), therefore, these outcomes were averaged over both legs. With regard to the previously injured group, only the leg with the most recent ankle sprain was considered for analysis. All outcomes were transferred into the Statistical Program for Social Sciences (version 17.0, SPSS Inc., Chicago, IL, USA) for further statistical analysis. Pearson's correlation across all participants showed that the four postural stability parameters were related, but not redundant, with values ranging from 0.70 to 0.88. Therefore, comparison between the previously injured group and the uninjured controls was performed by means of a MANCOVA with the four parameters reflecting postural stability. Since the two groups were not matched for length and weight, both variables were added as a covariate. The Wilks' Lambda test statistic was used, and statistical significance was set at a P-value below 0.05. Furthermore, for each of the postural stability parameters, a follow-up univariate analysis was performed.
To identify a subgroup of previously injured participants with pronounced postural instability, a k-means cluster analysis (function kmeans in MATLAB) was applied to classify previously injured participants in two clusters (Rozumalski and Schwartz, 2009) . As the k-means cluster analysis allows one to include an infinite number of variables, the outcomes of 'CoP speed', 'horizontal GRF', 'ankle angular velocity', and 'hip angular velocity' were all included in the analysis. This resulted in a cluster with 'low' values and a cluster with 'high' values. The 'high value' cluster represents a group of previously injured participants with higher postural instability. Consequently, we compared ankle sprain history between both clusters, to explore whether this cluster differed in terms of details of their ankle sprain history. To that end, we determined the percentage of participants showing a specific characteristic in the 'high value' cluster. Based on these values, the most important ankle sprain characteristic was identified and added as a fixed factor into the MANCOVA to verify the relation with postural stability.
Results
The MANCOVA (Table 2 ) Wilks' Lambda revealed no significant effect of a previous ankle sprain in the past 6 months on the postural stability (P = 0.683). With a grand total of 4 failed trials in the 'previously injured' group with regard to the affected leg, and 7 failed trials in the 'uninjured' group concerning either leg, a bias due to failed trials is very unlikely.
Cluster analysis identified a 'high value' cluster consisting of 8 'previously injured' participants (Fig. 3) . Per self-reported ankle sprain characteristic, Fig. 4 depicts the percentage of participants belonging to the 'high value' cluster. A self-reported 'history of (partial) ankle ligament rupture' was most specific to the 'high value' cluster, as 86% of the participants with a 'partial ligament rupture in the history' belonged to the 'high value' cluster. Furthermore, 75% of the participants that belonged to the 'high value' cluster reported a 'history of (partial) ankle ligament rupture'. Therefore, the association between a 'history of (partial) ankle ligament rupture' and a diminished postural stability was analyzed by adding this characteristic as a factor to the MANCOVA. The results showed that a 'history of (partial) ankle ligament rupture' was significantly associated with diminished postural stability (P = 0.013). Univariate follow-up analysis of the four parameters consistently showed significant effects (P: 0.001-0.029; Table 3 ).
Discussion
The main findings of the present study are twofold. First, field hockey players who have resumed full sport participation after a previous ankle sprain injury (mean 3.6 (SD 1.5) months post-injury) did not show diminished postural stability as a group in a static single-leg stance test compared to uninjured controls. Therefore, it seems that previously injured participants not necessarily have apparent deficits in balance ability. Secondly, our subgroup analysis showed that a history of a (partial) ankle ligament rupture (i.e. severe ankle sprain) was typically present in a cluster of 'recovered' athletes who exhibited diminished postural stability. Subsequently, in a group of athletes who recovered from a recent (mild) ankle sprain, it was shown that a history of a severe ankle sprain was significantly associated with diminished postural stability, with consistent significant values for all four outcome measures (P: 0.001-0.029). Therefore, athletes with a history of a severe ankle sprain may be at increased risk of re-injury and may benefit from sensorimotor training. As 50% of the current 'mild' ankle sprains had a history of a severe ankle sprain, this subgroup seems clinically important.
Our findings may be explained by the greater damage of ankle tissue and a longer period of immobilization following a severe ankle sprain, when compared to a mild ankle sprain (Tourné et al., 2010; van Dijk, 2002; Yammine and Fathi, 2011) . Additionally, the prolonged inactivity and an altered ankle function might lead to ipsilateral diminished hip functioning, which has been related to CAI and diminished postural stability as well (Allet et al., 2012; Brown et al., 1995; Friel et al., 2006; Gribble and Hertel, 2004) . It is possible that an ankle sprain recurrence most frequently occurs in those individuals who exhibit prolonged diminished postural stability following a preceding severe ankle sprain. As one third of all severe ankle sprains in athletes who perform strenuous sports, results in recurrence within the first year (Haraguchi et al., 2009) , severe ankle sprain could lead to diminished postural stability in a considerable number of athletes. Therefore, it seems that those individuals with a 'severe' ankle sprain may be particularly important to consider for postural stability testing and sensorimotor training. Unfortunately, the present data is insufficient to evaluate this assumption. Future research may focus on three different groups of ankle sprain patients: (1) a mild ankle sprain with no history of a severe ankle sprain, (2) a mild ankle sprain with a history of a severe ankle sprain, and (3) a first-time severe ankle sprain.
The absence of a significantly diminished postural stability in 'recovered' field hockey players contrasts with the findings of Lin et al. (2011) , who showed diminished postural stability in 'recovered' ballet dancers with a previous ankle sprain compared to uninjured controls. A proper comparison between the studies is difficult, as details on ankle sprain history, including previous ligament ruptures, were not provided. Our result may be explained by our sample that comprised a high rate of 'mild' ankle sprains (78%), which may not result in detectable impaired balance ability. Secondly, sensorimotor training during usual care may have decreased differences between groups, as 38% of our participants reported to have received balance training during usual care. Thirdly, our range of inclusion concerning 'time to injury' Fig. 3 . Postural stability parameter outcome related to the cluster analysis (k-means; k = 2) of the previously injured participants. Panel a shows the force plate parameters, and panel b the angular velocities of ankle and hip. Injured-cluster 'low' represents the previously injured participants in the 'low value' cluster, and injured-cluster 'high' represents the previously injured participants in the 'high value' cluster, i.e. the cluster with higher postural instability.
was relatively wide (1 to 6 months). It is conceivable that diminished postural stability is most apparent in the first months post-injury. However, our sample consisted of individuals who were assumed to be 'fully' recovered. Therefore, time after injury may be of minor importance, especially in view of the high recurrence rate in recovered individuals up to 6 months post-injury (Hupperets et al., 2009; Verhagen et al., 2004 ). While we did not find an overall group difference between participants with and without a previous ankle sprain, it is important to realize that sensorimotor training does reduce ankle sprain recurrence rate in a sample that is comparable to the current sample, in terms of usual care, ankle sprain severity and post-injury time-window (Hupperets et al., 2009) . These apparent contradictory findings may be explained by our subgroup finding, as those athletes, who recovered from a 'mild' ankle sprain with a 'severe' ankle sprain in their history, could be accountable for the preventive effect of sensorimotor training found in athletes who recovered from a 'mild' ankle sprain (Hupperets et al., 2009 ). However, other explanatory alternatives do exist: (1) while it is intuitively appealing, impaired postural stability might not be necessary for preventive sensorimotor training to be effective, (2) the postural stability test might lack sensitivity to establish differences in sensorimotor function, (3) despite the fact that sample characteristics were comparable between studies in terms of ankle sprain severity, usual care and postinjury time window, other sample characteristics may have differed between the studies. In general, our findings highlight the importance of obtaining a detailed ankle sprain history, as it may be useful in interpreting postural stability, recurrence risk and therapy evaluations.
There are a number of limitations concerning the present study that need to be addressed. First of all, this study was performed within a cross-sectional design. Therefore, we can only demonstrate associations and causality cannot be inferred. In general, a postural stability test is considered to be a crude test, as it may be dependent on several factors, such as concentration, environmental disturbances, sport type, sport level, age, length and weight. Therefore, study designs and practical implications of postural stability should be considered in view of these limitations. Furthermore, postural stability is a measure of total-body sensorimotor function. Hence, deficiencies of the postural control system may be compensated for by other parts of this system (Allet et al., 2012) . For instance, patients with diminished ankle functioning may use a larger contribution of the 'hip strategy' in order to keep their balance (Pintsaar et al., 1996) . Therefore, as suggested by Lin et al. (2011) , we measured the involvement of the hip by means of kinematics. As we found comparable mean angular velocities of the hip between the previously injured and uninjured groups, a differential involvement of the hip was not apparent. Despite the combination of force plate and kinematics parameters, unknown deficiencies of the system related to ankle sprain risk still might have gone undetected. Additionally, despite a homogenous sample and highly reliable parameters, variance between participants was substantial. Hence, there exists a chance of type II errors when comparing groups. Indeed, the difference between previously injured and uninjured controls was consistent, substantial (10-22%), but not significant. However, the analyses of ankle sprain history imply that the effect is likely due to a specific subgroup, being the participants with a previous ligament rupture.
While it was striking that subjects in the 'high' cluster consistently reported a severe ankle sprain in the history, the MANCOVA may have suffered from selection circularity. Because of this, future research Fig. 4 . Ankle sprain characteristics belonging to the 'high value' cluster. The number (n) of previously injured participants that reported the ankle sprain characteristic is outlined on the y-axis, while the x-axis represents the percentage of n that belonged to the 'high value' cluster, determined through the k-means (k = 2) cluster analysis. should confirm our subgroup finding in a specifically tailored research design. Also, there are some ankle sprain characteristics that could have been beneficial for interpretation of our data, but were not determined. The timing of the preceding (partial) rupture, and the ankle sprain frequency subsequent to this rupture, could have provided relevant information. Additionally, our participants performed sport activity at a rather high level, therefore we assumed that the participants did not suffer from CAI, hence no CAI forms were completed (Wikstrom et al., 2010b) . However, in view of the ankle sprain frequencies found, some participants might have suffered from mild CAI. Furthermore, since our analysis suggested that a self-reported history of (partial) ankle ligament rupture is an important characteristic with regard to diminished postural stability, it would have been interesting to know the distribution of mechanical laxity. The most appropriate clinical test to examine the mechanical laxity is the anterior drawer test. De Vries et al. (2010a) have stated that this test is subjective in nature, and that the high intra-and inter-observer variation limits its use, especially for research purposes. Unfortunately, a valid, easy to perform, non-invasive, alternative has not yet been established (de Vries et al., 2010a; Kerkhoffs et al., 2005) . Another limitation is that our ankle sprain characteristics are subject to recall bias, as they were provided through self-report.
Finally, the generalization of the present findings could be limited to a moderate to high sport level participation. It seems fair to extend the generalization to other sport types with high ankle sprain incidence rates, like football, volleyball and basketball (Kofotolis and Kellis, 2007; Swenson et al., 2013; Verhagen et al., 2004) .
Conclusions
As the overall group of athletes who have recovered from a recent ankle sprain (1-6 months) did not show a significant diminished postural stability compared to uninjured controls, it is clear that diminished postural stability is not apparent in all previously injured athletes. However, our analysis indicates that a (mild) ankle sprain with a preceding severe ankle sprain is associated with impaired balance ability. Therefore, sensorimotor training may be emphasized in this particular group and care should be considered for a return to play decision. Finally, the present findings highlight the importance of obtaining a detailed history on ankle sprains, to establish prognostic criteria and relevant group classification of ankle sprains.
